Introduction {#S1}
============

Diabetic nephropathy (DN) is the leading cause of end stage kidney disease, responsible for over 43% of all cases in the US and this number is likely to increase unabated.^[@R1]^ Thus it is important to identify the mechanisms involved in the development and/or progression of diabetic kidney disease. Early alterations in diabetic kidneys include the development of glomerular hyperfiltration and hypertrophy, followed by thickening of the glomerular basement membrane, mesangial matrix accumulation, increased urinary albumin excretion (UAE) rate and ultimately progression to glomerular sclerosis and end-stage renal failure.

Although a number of therapeutic interventions have been shown to postpone the development or slow down the progression of DN, no intervention to date has been able to halt or reverse its progression. This failure may reflect the complexity of the pathogenic processes and mandates further investigation of other potential pathogenic factors. In this regard, several lines of evidence have incriminated tumor necrosis factor-α (TNF-α) as a mediator of DN. TNF-α is produced not only by monocytes and macrophages, but also by T and B lymphocytes and glomerular mesangial cells.^[@R2]-[@R4]^ TNF-α plays an important role in the pathogenesis of immunological renal diseases, such as lupus nephritis, anti-glomerular basement membrane disease, immunoglobulin A (IgA) nephropathy and Henoch-Schönlein purpura.^[@R4],[@R5]^ Levels of TNF-α are increased in the kidney in animal models of DN.^[@R6],[@R7]^ Elevated levels of TNF receptors are predictors of disease progression in humans with DN.^[@R8],[@R9]^ A recent study found that pentoxyfylline, a drug that can inhibit TNF-α production, reduced albuminuria and slowed the loss of glomerular filtration rate (GFR) in patients with DN.^[@R10]^ However, definitive proof that TNF-α contributes to DN, and the source of TNF-α that drives disease progression, remain lacking.

The current studies used pharmacologic and genetic approaches to determine the role of TNF-α in mouse models of DN. Moreover, conditional knockout of TNF-α in macrophages allowed a direct assessment of the role that macrophage-derived TNF-α plays in DN. Our results show that TNF-α does play a pivotal role in the development of DN and that macrophages are an important source of TNF-α in this setting. We believe that attenuation of TNF-α production or actions could be a novel therapeutic target for treatment of DN.

Results {#S2}
=======

TNF-α inhibition reduces characteristics of DN in *Ins2^Akita^* mice {#S3}
--------------------------------------------------------------------

To assess the possible pathogenic significance of TNF-α in DN, we treated *Ins2^Akita^* mice with a TNF-α neutralizing antibody,^[@R11]-[@R13]^ captopril, or vehicle for 9 weeks, beginning at 9 weeks of age. As shown in [Table 1](#T1){ref-type="table"}, *Ins2^Akita^* vehicle-treated mice had increased blood glucose and HgbA1c levels, decreased body weight, increased kidney weight/body weight ratio, increased urine volume, and reduced fluid composition compared to normal mice. TNF-α inhibition, but not captopril, significantly reduced kidney weight/body weight ratio without affecting other measurements. Importantly, treatment with anti-TNF-α or captopril did not reduce blood glucose levels or blood pressure.

We also measured urine albumin/creatinine ratio and plasma creatinine as indicators of diabetic kidney injury. Vehicle-treated *Ins2^Akita^* mice had a significant increase in urine albumin/creatinine ratio ([Figure 1A](#F1){ref-type="fig"}), and plasma creatinine ([Figure 1B](#F1){ref-type="fig"}) compared to non-diabetic mice at 18 weeks of age. Albuminuria and plasma creatinine were significantly reduced in *Ins2^Akita^* mice treated with anti-TNF-α antibody or captopril at 18 weeks of age compared to vehicle treated mice.

TNF-α inhibition decreases macrophage recruitment in *Ins2^Akita^* mice {#S4}
-----------------------------------------------------------------------

To determine whether TNF-α inhibition is critical for kidney macrophage infiltration in DN, we examined the distribution and number of macrophages in the kidney by immunohistochemistry (Mac-2 positive macrophages) ([Figure 2A and 2B](#F2){ref-type="fig"}). The number of glomerular macrophages in normal mice was low and increased significantly in vehicle-treated *Ins2^Akita^* mice (*p*\<0.0001). Both TNF-α inhibition and captopril treatment in *Ins2^Akita^* mice resulted in significantly reduced glomerular macrophage recruitment (*p*\<0.001) compared to vehicle-treated *Ins2^Akita^* mice.

TNF-α inhibition decreases renal histological changes in *Ins2^Akita^* mice {#S5}
---------------------------------------------------------------------------

PAS staining of kidney sections ([Figure 2A and 2C](#F2){ref-type="fig"}) revealed increased glomerular cellularity and mesangial expansion (*p*\<0.01) at 18 weeks of age in vehicle-treated *Ins2^Akita^* mice vs. normal. Importantly, both TNF-α inhibition and captopril treatments were not significantly different compared to normal.

TNF-α inhibition decreases plasma inflammatory cytokines in *Ins2^Akita^* mice {#S6}
------------------------------------------------------------------------------

Increased inflammatory cytokines is a major feature and important predictor of DN.^[@R7],[@R14]^ Therefore, we assessed the anti-inflammatory effect of TNF-α inhibition in diabetic mice ([Figure 3](#F3){ref-type="fig"}). Vehicle-treated *Ins2^Akita^* mice had significantly increased plasma granulocyte-macrophage colony-stimulating factor (GMCSF) (*p*\<0.001), keratinocyte-derived cytokine (KC) (*p*\<0.01), TNF- α (*p*\<0.05) and monocyte chemoattractant protein-1 (MCP-1) (*p*\<0.05) at 18 week of age compared to normal mice. In contrast, TNF-α inhibition and captopril treatment significantly decreased GMCSF, KC, TNF- α and MCP-1 compared to vehicle-treated *Ins2^Akita^* mice at 18 weeks of age.

TNF-α inhibition decreases TNF receptors in *Ins2^Akita^* mice {#S7}
--------------------------------------------------------------

Elevated levels of TNF receptors are predictive of disease progression in humans with DN.^[@R8],[@R9]^ Therefore, we assessed the effect of TNF-α inhibition on the kidney expression of TNF receptors in diabetic mice ([Figure 4](#F4){ref-type="fig"}). Vehicle-treated *Ins2^Akita^* mice had significantly increased kidney TNF receptor-1 (TNFR1; [Figure 4A](#F4){ref-type="fig"}) and TNFR2 ([Figure 4B](#F4){ref-type="fig"}) (*p*\<0.01) at 18 week of age compared to normal mice. In contrast, TNF-α inhibition and captopril treatment significantly decreased both TNFR1 and TNFR2 expression compared to vehicle-treated *Ins2A^kita^* mice at 18 weeks of age.

Characterization of macrophage-specific deletion TNF-α deficient mouse {#S8}
----------------------------------------------------------------------

To evaluate the pathogenic role of macrophage-derived TNF-α, we used a Cre-loxP approach to generate mice with macrophage-specific deletion of TNF-α. To confirm deletion of TNF-α, bone marrow was isolated from *CD11b^Cre^/TNF-α^Flox/Flox^* and their control *TNF-α^Flox/Flox^* littermates. Bone marrow cells were cultured and induced to differentiate into macrophages and then stimulated with lipopolysaccharide (LPS) to induce TNF-α production. TNF-α mRNA expression was significantly lower in macrophages derived from *CD11b^Cre^/TNF-α^Flox/Flox^* mice compared to *TNF-α^Flox/Flox^* under basal conditions ([Figure 5A](#F5){ref-type="fig"}). LPS treatment for 24 hrs significantly increased TNF-α mRNA expression in macrophages derived from *TNF-α^Flox/Flox^* mice but not in macrophages from *CD11b^Cre^/TNF-α^Flox/Flox^* mice ([Figure 5A](#F5){ref-type="fig"}). To confirm deletion of TNF-α in macrophages *in vivo, CD11b^Cre^/TNF-α^Flox/Flox^* and *TNF-α^Flox/Flox^* mice were injected with LPS and then peritoneal macrophages were collected 24 hours later. LPS increased TNF-α mRNA expression in peritoneal macrophages of *TNF-α^Flox/Flox^* mice but not in peritoneal macrophages of *CD11b^Cre^/TNF-α^Flox/Flox^* mice ([Figure 5B](#F5){ref-type="fig"}).

Selective TNF-α depletion in macrophages attenuates characteristics in diabetic mice {#S9}
------------------------------------------------------------------------------------

To determine the role of macrophage derived TNF-α in DN, Type 1 diabetes was induced by STZ injection in *CD11b^Cre^/TNF-α^Flox/Flox^* and their control *TNF-α^Flox/Flox^* mice. As shown in [Table 2](#T2){ref-type="table"}, diabetic *TNF-α^Flox/Flox^* mice had increased blood glucose, decreased body weight, increased kidney weight/body weight ratio, and reduced fluid composition compared to normal mice. In contrast, *CD11b^Cre^/TNF-α^Flox/Flox^* had significantly higher body weight than that of diabetic *TNF-α^Flox/Flox^* mice and the kidney weight/body weight ratio in diabetic *CD11b^Cre^/TNF-α^Flox/Flox^* mice was significantly reduced compared to diabetic *TNF-α^Flox/Flox^* mice despite comparable blood glucose levels in diabetic *CD11b^Cre^/TNF-α^Flox/Flox^* and *TNF-α^Flox/Flox^* mice.

Selective TNF-α depletion in macrophages ameliorates diabetes-induced kidney injuries {#S10}
-------------------------------------------------------------------------------------

To evaluate the role of macrophage-derived TNF-α in diabetic kidney injury, urine albumin/creatinine ratio, plasma creatinine and BUN were determined after 12 weeks of STZ-induced diabetes. Urine albumin/creatinine ratio ([Figure 6A](#F6){ref-type="fig"}), plasma creatinine ([Figure 6B](#F6){ref-type="fig"}), and BUN ([Figure 6C](#F6){ref-type="fig"}) increased significantly in diabetic *TNF-α^Flox/Flox^* mice compared to normal mice. Interestingly, the urine albumin/creatinine ratio, plasma creatinine and BUN were significantly lower in diabetic *CD11b^Cre^/TNF-α^Flox/Flox^* mice compared to diabetic *TNF-α^Flox/Flox^* mice.

Selective TNF-α depletion in macrophages reduces renal macrophage infiltration in diabetes {#S11}
------------------------------------------------------------------------------------------

Macrophage recruitment plays an important role in diabetic renal injury.^[@R15]^ To investigate the role of macrophage-derived TNF-α in macrophage infiltration in the diabetic kidney, immunohistochemistry was performed to detect glomerular macrophages ([Figure 7A and 7B](#F7){ref-type="fig"}). The number of glomerular macrophages was significantly increased in diabetic *TNF-α^Flox/Flox^* mice compared to normal *TNF-α^Flox/Flox^* mice (*p*\<0.01). Although diabetes also increased glomerular macrophages in *CD11b^Cre^/TNF-α^Flox/Flox^* mice (*p*\<0.01), glomerular macrophage infiltration in diabetic *CD11b^Cre^/TNF-α^Flox/Flox^* mice was significantly lower compared to diabetic *TNF-α^Flox/Flox^* mice (*p*\<0.05).

In addition, total kidney macrophage content was determined by flow cytometry. In *TNF-αF^lox^/F^lox^* mice kidney macrophage content was significantly increased in diabetic mice compared to non-diabetic mice (1.45±0.13 vs. 0.92±0.08 ×10^4^ cells per gram kidney, *p*\<0.01). Diabetic *CD11b^Cre^/TNF-αF^lox/Flox^* mice had similar numbers of kidney macrophages as non-diabetic mice and significantly fewer than diabetic *TNF-α^Flox/Flox^* mice (0.95±0.1 vs. 1.45±0.13 ×10^4^ per gram kidney, *p*\<0.01).

Selective TNF-α depletion in macrophages reduces kidney histologic changes in diabetic mice {#S12}
-------------------------------------------------------------------------------------------

Histologic analysis of kidney tissue sections ([Figure 7A and 7C](#F7){ref-type="fig"}) showed an increase in mesangial cellularity and/or mesangial expansion in diabetic *TNF-α^Flox/Flox^* mice compared to non-diabetic mice (*p*\<0.001) and diabetic *CD11b^Cre^/TNF-α^Flox/Flox^* mice compared to non-diabetic mice (*p*\<0.001). However, the degree of mesangial cellularity and expansion was significantly lower in diabetic *CD11b^Cre^/TNF-α^Flox/Flox^* mice compared to diabetic *TNF-α^Flox/Flox^* mice (*p*\<0.01)

Selective TNF-α depletion in macrophages prevented the increase in kidney TNF-α, TNFR1 and TNFR2 expression in diabetic mice {#S13}
----------------------------------------------------------------------------------------------------------------------------

Previous studies have demonstrated an increase in kidney TNF-α mRNA and protein content during diabetes.^[@R6],[@R16]^ Likewise, we found that TNF-α mRNA and protein levels were increased approximately two fold after 12 weeks of diabetes in *TNF-α^Flox/Flox^* mice ([Figure 8A and 8B](#F8){ref-type="fig"}). Similarly, TNFR1 and TNFR2 mRNA and protein levels were increased after 12 weeks of diabetes in *TNF-α^Flox/Flox^* mice ([Figure 8C-8F](#F8){ref-type="fig"}). Importantly, diabetes did not result in an increase in kidney TNF-α, TNFR1 or TNFR2 mRNA and protein levels in *CD11b^Cre^/TNF-α^Flox/Flox^* mice. CCL2/MCP-1 is a macrophage chemokine which is increased in diabetic kidneys.^[@R17]^ Interestingly, CCL2/MCP-1 mRNA expression increased to a similar extent in both diabetic *TNF-α^Flox/Flox^* mice and *CD11b^Cre^/TNF-α^Flox/Flox^* mice ([Figure 8G](#F8){ref-type="fig"}).

Discussion {#S14}
==========

Diabetes is the most common cause of end stage renal disease.^[@R1]^ DN may progress in spite of current therapeutic measures, such as control of blood pressure and blood glucose and use of renin-angiotensin-aldosterone system inhibitors.^[@R18]^ Identification of other pathogenic factors may lead to more effective treatment or prevention. Accumulating evidence, reviewed recently,^[@R19]^ suggests that TNF-α is one such factor. Thus, kidney levels of TNF-α are elevated in models of both type 1 and type 2 DM.^[@R6],[@R7]^ Moreover, TNF-α has been shown to influence sodium absorption and hypertrophy in diabetic rats, and thus a soluble TNF antagonist or pentoxyfylline significantly reduced renal hypertrophy possibly by reducing TGF-β.^[@R20]-[@R22]^ Interventions which alter TNF-α production also reduce DN in both animals and humans.^[@R10]^ The present studies addressed both the role and origin of TNF-α in DN.

In a murine model of Type 1 DM, we show that a murine TNF-α neutralizing antibody prevents renal hypertrophy, reduces albuminuria and preserves kidney function. Similar results were reported recently in a murine model of type 2 DM using a different TNF-α antibody.^[@R23]^ Taken together, these results clearly establish a role for TNF-α in the pathogenesis of DN.

Previous studies have identified several chemokines and cytokines as pathogenic factors in DN.^[@R24]^ TNF-α is a pleiotropic cytokine which stimulates the production of other cytokines in an autocrine and paracrine fashion.^[@R25]-[@R28]^ Thus, inhibition of TNF-α may serve to block a variety of other inflammatory mediators and account for its beneficial effect in DN.

There are few reports of the effects of TNF-α inhibition in proteinuric kidney disease. Several case reports have reported reductions in proteinuria in patients with nephrotic syndrome who received anti-TNF-α agents.^[@R29]-[@R31]^ A multicenter Phase II randomized clinical trial (FONT II, NCT00814255) designed to investigate the potential efficacy of adalimumab, a human monoclonal antibody against TNF-α, for resistant FSGS was recently completed although the results are not yet available.^[@R32]^

Angiotensin converting enzyme (ACE) inhibitors (ACEi) are recognized as the standard of care in DN and potential new therapies should be compared to it. Our results indicate that treatment with captopril, an ACEi, was almost as effective as treatment with a murine TNF-α neutralizing antibody in reducing albuminuria, kidney macrophage recruitment, histopathological changes, and plasma inflammatory cytokines. Additional studies to investigate the role of combined TNF-α inhibitor and ACEi treatment will be needed.

A second issue addressed in the current study is the cellular origin of TNF-α. In human studies, glomerular macrophages accumulate in DN^[@R33]-[@R36]^ and correlate strongly with the progression of renal impairment.^[@R35]^ Furthermore, in animal models, macrophage accumulation in diabetic kidneys correlates strongly with serum creatinine, interstitial myofibroblast accumulation and interstitial fibrosis scores.^[@R37]-[@R42]^ Infiltrating macrophages release lysosomal enzymes, nitric oxide, reactive oxygen species, transforming growth factor-beta, vascular endothelial growth factor and cytokines such as TNF-α, interleukin-1 and interferon (IFN)-γ which could play a pivotal role in the development and progression of DN.^[@R43]^ Diminished macrophage infiltration associated with reduced urinary albumin excretion has been shown in CCR2 and MCP-1-deficient mice in both type-1 and type-2 diabetes.^[@R17],[@R44]-[@R46]^ Nonetheless, whether macrophage recruitment is the cause or consequence of chronic kidney injury was uncertain. However, we recently determined, by depleting macrophages in the *CD11b-DTR* mouse, that macrophages are causally related to DN.^[@R15]^ The mechanism whereby macrophages contribute to DN was not determined in that study. Macrophages are potent producers of TNF-α,^[@R47]^ raising the possibility that macrophages are the source of TNF-α in DN. Indeed, using a novel macrophage-specific deletion of TNF-α, we found that basal kidney levels of TNF-α were reduced by roughly 50% and that the diabetes-induced increase in renal TNF-α expression was completely blocked in the absence of macrophage TNF-α. Of more interest, deletion of macrophage TNF-α protected diabetic mice from nephropathy as reflected by reduced hypertrophy and reduction in albuminuria and glomerular pathology. The lack of TNF-α production also reduced renal macrophage infiltration even though CCL2/MCP-1, a macrophage chemokine, was still induced. CCL2/MCP-1 is produced by monocytes/macrophages, as well as podocytes, mesangial, tubular epithelial and endothelial cells.^[@R48]-[@R51]^ Although TNF-α is known to stimulate CCL2 production,^[@R27]^ we did not see a decrease in CCL2/MCP-1 expression in diabetic *CD11b^Cre^/TNF-α^Flox/Flox^* mice. This might represent TNF-independent pathways of production or CCL2 production stimulated by TNF-α from non-macrophage sources such as podocytes, mesangial and tubular epithelial cells. This conclusion is supported by several reports indicating that macrophage depletion did not alter or reduce CCL2/MCP-1 expression.^[@R52]-[@R54]^

The expression of TNFR1 and TNFR2 may be altered in disease states. Thus, the renal expression of TNFR1 and particularly TNFR2 increased during acute transplant rejection^[@R55]^ and in models of AKI.^[@R56]^ In the latter study, the upregulation of TNFR2 was TNF-dependent, perhaps reflecting the presence of NFkB sites in the TNFR2 promoter.^[@R57]^ Elevated levels of TNF receptors are also predictors of disease progression in humans with DN.^[@R8],[@R9]^ In our study, pharmacologic inhibition of TNF-α and conditional ablation of TNF-α in macrophages both prevented the diabetes-associated increase in TNFR1 and TNFR2 mRNA. The protein levels of TNFR1 and TNFR2 were higher in *CD11b^Cre^/TNF-α^Flox/Flox^* compared to *TNF-α^Flox/Flox^* under normal conditions but showed no increase upon induction of diabetes. Additional study is needed to clarify the direct roles of TNFR1 and TNFR2 in DN.

We did not investigate in depth the signals leading to macrophage-derived TNF-α production. Stimulation of TLR4 on macrophages results in TNF-α production.^[@R58]^ TLR4 has also been incriminated in the pathogenesis of DN.^[@R59]-[@R62]^ Recent work has shown that TLR4 deficient mice are protected from DN and that the levels of certain TLR4 ligands, such as HSP70, HMGB1 and biglycan, are increased in the diabetic kidney.^[@R59]^ Thus, it is possible that macrophage TNF-α production in DN is driven by stimulation of TLR4 by endogenous ligands. Additional study is needed to clarify this hypothesis.

A recent clinical trial evaluated the effects of pentoxifylline, a phosphodiesterase inhibitor, in subjects with DN.^[@R10]^ After 24 months of treatment, modest reductions in albuminuria and stabilization of GFR were observed. Pentoxifylline is a weak inhibitor of TNF-α production and the beneficial effects of pentoxifylline may have been referable to the small reductions in TNF-α seen in the treated patients. Potent TNF-α biologics are in clinical use for inflammatory bowel disease, psoriasis and rheumatoid arthritis.^[@R63]-[@R66]^ It is reasonable to speculate that these agents may have more efficacy than pentoxifylline in preventing or retarding the progression of DN. Clinical trials will be needed to address this question.

In summary, using genetic models of TNF-α deficiency, we provide strong evidence that TNF-α produced by macrophages plays an important role in the pathogenesis of DN. We also show that inhibition of TNF-α with a neutralizing antibody, analogous to those available clinically, can reduce features of DN. Inhibition of TNF-α may be a viable strategy to treat DN in humans.

Materials and Methods {#S15}
=====================

Diabetic mouse models {#S16}
---------------------

All animal experiments were approved by the Penn State University College of Medicine Institutional Animal Care and Use Committee. Experiments were conducted in male D2.B6-*Ins2^Akita^*/MatbJ and their wild type (WT) littermate mice (DBA/2J background; The Jackson Laboratory, stock number 007562) starting at 5 weeks of age (∼2 weeks of diabetes) until 18 weeks of age (∼15 weeks of diabetes). *Ins2A^kita^* mice, recommended by the Animal Models of Diabetes Complications Consortium (AMDCC) as a model of DN,^[@R67],[@R68]^ develop hyperglycemia at 3 weeks of age. Mice with deletion of TNF-α in myeloid cells were created by mating *CD11b^Cre^* mice^[@R69]^ with *TNF-α^Flox/Flox^* mice^[@R70]^, both on the C57BL/6 background. The offspring were genotyped and backcrossed with *TNF-α^Flox/Flox^* mice to obtain *CD11b^Cre^/TNF-α^Flox/Flox^. TNF-α^Flox/Flox^* mice, lacking *CD11b^Cre^,* were used as controls. Type 1 diabetes was induced by multiple low doses of streptozocin (STZ; Sigma, St. Louis, MO; 50 mg/kg body wt dissolved in lactated Ringers solution intraperitoneally for 5 consecutive days) as recommended by AMDCC.^[@R67],[@R68]^ Diabetes was confirmed one week later by measurement of blood glucose level. Mice with blood glucose levels \> 350 mg/dl were considered diabetic. Mice were provided ad lib access to food and water. Urine collections were obtained by housing mice in metabolic cages. At the end of experiments, mice were euthanized and kidney and blood samples were collected.

Drug delivery {#S17}
-------------

A neutralizing antibody to murine TNF-α (CNTO5048, 10 mg/kg weekly via IP injection, Janssen R&D)^[@R11]-[@R13]^, captopril (24 mg/L daily in drinking water; Sigma), or vehicle (PBS) were administered for 9 weeks (in *Ins2A^kita^* experiments) starting at 9 weeks of age (6 weeks after onset of diabetes).

Blood pressure measurement {#S18}
--------------------------

Systolic blood pressure was measured using the Coda blood pressure system (Kent Scientific Corp, Torrington, Connecticut) as previously described.^[@R71],[@R72]^ Mice were habituated to the blood pressure measurement for 5 days before the day of the experiment and then were allowed to rest quietly for 15 minutes at room temperature. All measurements were performed at the same time for all groups to avoid any diurnal variations.

Histology and immunohistochemistry {#S19}
----------------------------------

Mouse kidney tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Periodic acid Schiff (PAS) staining was performed on 3 μm sections. Glomeruli were examined at 400× in a blinded manner. Images were captured with an Olympus BX51 microscope and DP71 digital camera using cellSens Standard 1.6 image software. Images were obtained with 40× and 100× (oil) objective with a total magnification of 400× and 1000×. Semiquantitative scores (0-4+) were assigned based on the masked readings. The mesangial matrix expansion or sclerosis scoring was performed as we described previously.^[@R15],[@R42],[@R73]^ Immunohistochemistry for macrophages was performed using rat anti-mouse Mac-2 antibody (clone M3/38; Cedarlane, Burlington, NC) on paraffin sections. The number of glomerular macrophages were counted in 40 glomeruli per section (number of macrophages in glomeruli divided by the number of glomeruli) in blinded fashion under 40× magnification and averaged as described previously.^[@R15],[@R42],[@R73]^

Flow cytometry {#S20}
--------------

Resident macrophages in kidneys were detected by fluorescence-activated cell sorting in an LSR-II flow cytometer (BD, Franklin Lakes, NJ) as described previously.^[@R15],[@R42]^ In brief, mouse kidneys were removed, minced, digested and then passed through a 40 μm mesh. Samples were pre-incubated with CD16/32 (2.4G) to block non-specific FcR binding site and 7-AAD (Invitrogen, Carlsbad, CA) to exclude dead cells. Kidney macrophages were defined as CD45^+^CD11b^high^/F4/80^low^. Counting beads (Product \#: PCB100, Invitrogen) were used in the experiments to calculate the total number of CD45^+^ cell per gram of kidney tissue. Data were analyzed using FlowJo software 8.8.6 (Tree Star, Ashland, OR). All the antibodies were provided by eBioscience.

Plasma cytokines assay {#S21}
----------------------

Mouse plasma was collected at sacrifice and frozen at -80C until assayed. 25 μl of plasma samples were analyzed in duplicate using the Milliplex MAP Mouse Cytokine/Chemokine 32-plex assay (Millipore, cat \#MCYTMAG-70K-PX32) according to manufacturer\'s protocol. Samples were run on a Bio-Plex 200 system (Bio-Rad). Individual plasma analyte concentrations were generated by interpolation from a standard curve using the Bio-Plex 6.1 software package (Bio-Rad).

Analytical methodology {#S22}
----------------------

Urine albumin was measured by ELISA using an Albuwell M kit (Exocell, Philadelphia, PA) as described previously.^[@R15],[@R41],[@R42]^ Urine and plasma creatinine was determined using an enzymatic assay (Diazyme Laboratories, Poway, CA) as described previously.^[@R15],[@R41],[@R42]^ Blood urea nitrogen (BUN) was determined using QuantiChrom Urea Assay Kit (BioAssay Systems cat\#DIUR-500).^[@R15],[@R41],[@R42]^ Body composition was measured using a LF90 Minispec Time Domain Nuclear Magnetic Resonance Spectrometer (Burker Optics, Billerica, MA) as described previously.^[@R15],[@R73]^ Kidney TNF-α protein was determined using mouse TNF-α Elisa Ready-SET-GO kit according to manufacturer\'s protocol (eBioscience, cat \#88-7324). Kidney TNFR1 and TNFR2 proteins were determined using mouse TNFR1 and TNFR2 Quantikine Elisa kits according to manufacturer\'s protocol (R&D System, cat \#MRT10 and MTR20; respectively).

Bone marrow-derived macrophage isolation and culture {#S23}
----------------------------------------------------

Bone marrow cells were isolated from mouse femur and tibia under sterile conditions as described previously.^[@R15]^ In brief, bones were flushed with RPMI 1640 (Invitrogen Life Technologies) plus 10% FCS. The marrow cells were passed sequentially through a 22-gauge needle followed by three passages through a 25-gauge needle to obtain single cell suspensions of bone marrow cells. Bone marrow cells were cultured in RPMI-1640 supplemented with 10% FBS, 1% glutamate, 20μg/mL gentamycin, 55μM 2-mercaptoethanol and 10ng/ml M-CSF (R&D system) for 7 days to induce macrophage differentiation. To induce M1 macrophages, cells were stimulated with 1 μg/mL lipopolysaccharide (LPS, Sigma) for an additional 24 hrs. Cells without stimulation were defined as M0.

Peritoneal macrophage isolation {#S24}
-------------------------------

Mice were injected intraperitoneally with LPS (cat \#: L-6529, Sigma) at the dose of 6μg/g body weight. Vehicle solution was used as control. After 24 hours, mice were euthanized and 5 ml 1×PBS were injected into peritoneal cavity, followed by gently massage of mouse abdomen for 30 seconds, and then PBS were recovered using 21G needles. Peritoneal macrophages were spun down at 1200rpm for 10 minutes. Total RNAs were isolated using Tri reagent for qRT-PCR.

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) {#S25}
----------------------------------------------------------------------

Total RNA was isolated from either kidney tissues or cultured cells using Tri reagent (Molecular Research Center, Inc, Cincinnati, OH, USA) per manufacturer\'s protocol. Single-strand cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) for two-step qRT-PCR. Quantitative PCR was performed using Taqman gene expression assays (TNF-α: Mm00443260_g1, CCL2/MCP-1: Mm00441242_m1, TNFR1: Mm00441883_g1, TNFR2: Mm00441889_m1, GAPDH: Mm99999915_g1; Life Technologies, Grand Island, NY, USA) in a Bio-Rad CFX96 Real-Time System. Data were analyzed using Bio-Rad CFX Manager Software version 2.0. Relative expression quantification was calculated using the 2^(-ΔΔCT)^ equation after normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as described previously.^[@R15],[@R73]^

Statistical analysis {#S26}
--------------------

Comparisons between groups were analyzed using SPSS (version 19.0, SPSS, Chicago, IL). Data are expressed as mean ± SEM. One-way ANOVA was used when more than two groups were compared, and significance of observed differences among the groups was evaluated with a least significant difference post hoc test. Statistical significance was identified at *p*\< 0.05.

This study was supported by NIH Grants DK094930 and DK094930S1 (to ASA) and DK081876 (to WBR) and a grant from Johnson and Johnson.

**Disclosure:** Portions of this work were supported by a grant from Johnson and Johnson, which markets a TNF-α antagonist. At the time of the study, PFW and FXF were employees of Janssen R&D, a subsidiary of Johnson and Johnson.

![Effects of TNF-α inhibition on renal function in *Ins2^Akita^* mice\
*Ins2^Akita^* and their wild type littermate mice were treated with TNF-α inhibitor, captopril or vehicle for 9 weeks. Urine and plasma were collected for measurement of urine albumin/creatinine ratio (**A**) and plasma creatinine (**B**) at 18 wk of age. Data are presented as mean ± SEM. \**p*\<0.0001 compared to normal. \#*p*\<0.01, \#\#*p*\<0.0001 compared to *Ins2^Akita^*+vehicle.](nihms690109f1){#F1}

![Effects of TNF-α inhibition on macrophage recruitment and histological changes in *Ins2^Akita^* mice\
**A**) Immunohistochemical staining for Mac-2 positive macrophages in glomeruli and PAS-stained sections at 18 wk of age. Images are representative of 7-15 mice in each group. **B**) Summary data for macrophages/glomerulus. **C**) Summary data for glomerular PAS score. Data are presented as mean ± SEM. \**p*\<0.01, \*\**p*\<0.0001 compared to normal. Scale bar: 10 μm.](nihms690109f2){#F2}

![Effects of TNF-α inhibition on inflammatory cytokines in *Ins2^Akita^* mice\
*Ins2A^kita^* and their wild type littermate mice were treated with TNF-α inhibitor, captopril or vehicle for 9 weeks. Plasma levels of GMCSF, KC, TNF- α and MCP-1 were determined at 18 wks of age. Data are presented as mean ± SEM. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001 compared to normal.](nihms690109f3){#F3}

![Effects of TNF-α inhibition on kidney TNF receptors expression in *lns2^Akita^* mice\
RT-PCR was performed on whole mouse kidney total RNA at 18 wk of age. TNFR1 (**A**) and TNFR2 (**B**) mRNA expression were normalized with GAPDH mRNA. Results are means ± SEM. \**p*\<0.01 compared to normal; \#*p*\<0.05, \#\#*p*\<0.01 compared to *Ins2^Akita^*±vehicle.](nihms690109f4){#F4}

![Characterization of *CD11b^Cre^/TNF-α^Flox/Flox^* mice\
Bone marrow derived (**A**) or peritoneal (**B**) macrophages were isolated from *TNF-α^Flox/Flox^* and *CD11b^Cre^/TNF-α^Flox/Flox^* mice after treatment with LPS or vehicle for 24 hours. RNA was isolated from cells for qRT-PCR quantitation of TNF-α. Results are means ± SEM. Open bar, non-stimulated macrophages; black-filled bar, LPS-stimulated macrophages. \**p*\<0.01, \*\**p*\<0.0001 compared to non-stimulated macrophages *TNF-α^Flox/Flox^*; *\#p\<0.0*1 *\#\#p*\<0.0001 compared to LPS-stimulated macrophages *TNF-α^Flox/Flox^.*](nihms690109f5){#F5}

![Selective TNF-α depletion in macrophages reduces renal dysfunction in diabetic mice\
Mouse urinary albumin/creatinine ratio (**A**), plasma creatinine (**B**), and BUN (**C**) were determined after 12 weeks of STZ-induced type 1 diabetes. Results are means ± SEM. Open bar, normal group; black-filled bar, diabetic group. \**p*\<0.05, \*\**p*\<0.01 compared to normal *TNF-α^Flox/Flox^;* \#*p*\<0.05, \#\#*p*\<0.01 compared to diabetic *TNF-α^Flox/Flox^.*](nihms690109f6){#F6}

![Selective TNF-α depletion in macrophages reduces macrophage recruitment and histological changes in diabetic mice\
**A**) Immunohistochemical staining for Mac-2 positive macrophages in glomeruli and PAS-stained sections after 12 weeks of STZ-induced type 1 diabetes. Images are representative of 7-12 mice in each group. **B**) Summary data for macrophages/glomerulus. **C**) Summary data for glomerular PAS score. Data are presented as mean ± SEM. \**p*\<0.01 compared to normal; \#*p*\<0.05 compared to diabetes *TNF-α^Flox/Flox^.* Scale bar: 10 μm.](nihms690109f7){#F7}

![Selective TNF-α depletion in macrophages prevented the increase in kidney TNF-α, TNFR1 and TNFR2 expression in diabetic mice\
RT-PCR was performed on whole mouse kidney total RNA after 12 weeks following diabetes. TNF-α (**A**), TNFR1 (**C**), TNFR2 (**E**) and MCP-1 (**G**) mRNA expression were normalized with GAPDH mRNA. Kidney TNF-α (**B**), TNFR1 (**D**) and TNFR2 (**F**) proteins were determined using Elisa kits according to manufacturer\'s protocol. Open bar, normal group; black-filled bar, diabetic groups. Results are means ± SEM. \**p*\<0.05; \*\**p*\<0.01 compared to normal; \#*p*\<0.05; \#\#*p*\<0.01 compared to diabetic *TNF-α^Flox/Flox^.*](nihms690109f8){#F8}

###### 

Effects of murine anti-TNF-α antibody on diabetic *Ins2^Akita^* mice at 18 weeks of age.

  Treatments               Normal      *Ins2^Akita^* + Vehicle                    *Ins2^Akita^* + Anti-TNF-α                 *Ins2^Akita^* + Captopril
  ------------------------ ----------- ------------------------------------------ ------------------------------------------ ------------------------------------------
  **Mouse number**         16          7                                          7                                          7
  **BW (g)**               26.4±0.6    22.1±1.1[a](#TFN2){ref-type="table-fn"}    23.8±0.9[a](#TFN2){ref-type="table-fn"}    23.2±0.4[a](#TFN2){ref-type="table-fn"}
  **BG (mg/dL)**           129±4       460±20[d](#TFN5){ref-type="table-fn"}      451±25[d](#TFN5){ref-type="table-fn"}      472±19[d](#TFN5){ref-type="table-fn"}
  **HgbA1C %**             5.5±0.07    12.7±0.2[d](#TFN5){ref-type="table-fn"}    12.1±0.5[d](#TFN5){ref-type="table-fn"}    12.2±0.5[d](#TFN5){ref-type="table-fn"}
  **UV (ml/24 hrs)**       0.96±0.2    4.22±0.9[a](#TFN2){ref-type="table-fn"}    3.15±0.7                                   3.6±1.1
  **KW/BW (g/100 g BW)**   0.96±0.03   1.27±0.06[c](#TFN4){ref-type="table-fn"}   1.08±0.03[e](#TFN6){ref-type="table-fn"}   1.25±0.08[c](#TFN4){ref-type="table-fn"}
  **SBP (mmHg)**           122±3       124±4                                      114±4                                      124±5
  **Fluid (%)**            7.1±0.1     5.9±0.2[b](#TFN3){ref-type="table-fn"}     5.8±0.1[b](#TFN3){ref-type="table-fn"}     6.0±0.1[b](#TFN3){ref-type="table-fn"}

Data are mean ± SEM.

: *p*\<0.05,

: *p*\<0.005,

: *p*\<0.001,

: *p*\<0.0001 compared to normal;

: *p*\<0.05 compared to *Ins2^Akita^* + vehicle.

BW: body weight, BG: blood glucose, HgbA1c: hemoglobin A1c, UV: urine volume, KW/BW: kidney weight/body weight, SBP: systolic blood pressure.

###### 

Effects of selective TNF-α depletion in macrophages after 12 weeks of diabetes.

  --------------------------- ------------- -------------------------------------------- ------------- --------------------------------------------------------------------------------
  **Mice number**             7             11                                           11            12
  **Body Weight (g)**         29.6±1.3      16.7±1.1[a](#TFN9){ref-type="table-fn"}      33.1 ±0.5     23.1±0.8[b](#TFN10){ref-type="table-fn"}^,^[c](#TFN11){ref-type="table-fn"}
  **Blood glucose (mg/dL)**   156±9.9       499±0.25[a](#TFN9){ref-type="table-fn"}      149±7.0       490±5.4[b](#TFN10){ref-type="table-fn"}
  **SBP (mmHg)**              125±1.9       121±4.9                                      138±6.1       128±4.0
  **KW/BW (g/100 g BW)**      0.625±0.029   1.139±0.028[a](#TFN9){ref-type="table-fn"}   0.652±0.012   0.946±0.038[b](#TFN10){ref-type="table-fn"}^,^[c](#TFN11){ref-type="table-fn"}
  **% Fluid**                 7.03±0.21     5.73±0.11[a](#TFN9){ref-type="table-fn"}     7.05±0.10     5.88±0.12[b](#TFN10){ref-type="table-fn"}
  --------------------------- ------------- -------------------------------------------- ------------- --------------------------------------------------------------------------------

Data are mean ± SEM.

: *p*\<0.01 compared to normal TNF-α^Flox/Flox^;

: *p*\<0.01 compared to normal CD11b^Cre^/TNF-α^Flox/Flox^;

: *p*\<0. 01 compared to diabetic TNF-α^Flox/Flox^.

SBP: systolic blood pressure, KW/BW: kidney weight/body weight.
